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Staphylococcus aureus causes pathologies ranging from minor skin 
infections to life-threatening diseases. Pathogenic effects are largely 
due to production of bacterial toxin, which is regulated by an RNA 
molecule, RNAIIL The & aureus protein called RAP (RNAIII 
activating protein) activates RNAIII, and a peptide called RIP 
(RNAIII inhibiting peptide), produced by a nonpathogenic bacteria, 
inhibits RNAIIL Mice vaccinated with RAP or treated with purified 
or synthetic RIP were protected from S. aureus pathology. Thus, 
these two molecules may provide useful approaches for the 
prevention and treatment of diseases caused by S. aureus. 
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Staphylococcus aureus is a Gram-positive bacterial pathogen that causes diseases ranging from minor 
skin infections to life-threatening deep infections such as pneumonia, endocarditis, meningitis, 
postoperative wound infections, septicemia, and toxic shock syndrome (1). Hospitalized patients are at 
particular risk; over 500,000 nosocomial infections are reported per year (2). The emergence of drug 
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resistance has made many of the available antimicrobial agents ineffective. Therefore, alternative 
methods for prevention and treatment of bacterial infections in general and of S. aureus infections in 
particular are eagerly sought. 

Like other Gram-positive bacteria, S. aureus causes diseases chiefly by production of virulence factors 
such as hemolysins, enterotoxins, and toxic shock syndrome toxin. The synthesis of virulence factors 
in S. aureus is controlled by a regulatory RNA molecule, RNAIII (3-5), encoded by the agr locus. The 
rnaiii gene is transcribed in culture only from the midexponential phase of growth and is autoinduced 
by the RNAIII activating protein (RAP) (6). RAP is continuously secreted by the bacteria and 
activates rnaiii only at a concentration threshold (6). Antibodies to RAP block the activation of rnaiii 
in vitro. A peptide, termed RNAIII inhibiting peptide (RIP), is produced by a nonpathogenic strain of 
S. aureus mutated by nitrosoguanidine (6). RIP competes with RAP for activation of rnaiii and thus 
inhibits production of toxin by S. aureus (6). This suggests that interference with activation of the agr 
system by blocking the autoinducer RAP or by supplying RIP may inhibit the expression of all toxins 
regulated by rnaiii, thereby interfering with pathogenesis. We report that mice vaccinated with RAP or 
treated with RIP are protected from S. aureus infection. 

We purified RAP from postexponential superaatants of wild-type S. aureus (Fig. 1) as described (6) 
and the peak fraction (Fig. 1, B and C) contained a protein of about 38 kD (Fig. ID). We also purified 
RAP from postexponential supernatants of an agr-null strain in which the entire agr locus was 
replaced with the tetM marker (7) (Fig. 1, B and D), which suggests that RAP is independent of agr. 




Fig. 1. Purification of RAP. (A) Postexponential supernatants of wild-type 5*. aureus (total) were 
filtered through a 3-kD cutoff membrane. Flowthrough containing agrD-encoded octapeptide (21) (<3 
kD) was tested for rnaiii activation as described (6). Retained material (containing RAP) was filtered 
through a 10-kD cutoff membrane. Material greater than 10 kD (>10 kD) was applied to an HPLC gel- 
filtration column and purified RAP was collected (RAP). Increasing amounts of material at each 
purification step were added to early exponential wild-type S. aureus and tested for the ability to 
activate rnaiii (6). (B) Postexponential supernatants of wild-type S. aureus and of agr-null S. aureus 
were fractionated on a gel-filtration column at 1 ml/min (6). Each 1-ml fraction was collected and 
tested for its ability to activate rnaiii (6). (C) Absorbance of fraction containing peak rwa/n-inducing 
activity. (D) Gel-filtration purified RAP from wild type (lane 1) and from agr-null strain (lane 2) was 



Science -- Balaban et al. 280 (5362): 438 



Page 3 of 10 



separated on SDS-polyacrylamide gel and silver stained. Approximate molecular mass markers are 
indicated. [View Larger Versions of these Images (27 ± 21 + 53K GIF file)] 



To test whether immunization with RAP can inhibit S. aureus infection, we used the murine model of 
cutaneous infection (8). When the wild-type Smith diffuse (SD) strain of S. aureus is injected 
subcutaneously together with dextran beads (Cytodex), a visible, measurable lesion (cellulitis) is 
induced after 24 hours. In contrast, no lesion is induced in animals injected with Cytodex beads alone 
(9). 

Mice were vaccinated (10) with RAP purified (6) from an agr-null strain (RAP*) or from a wild-type 
S. aureus strain (RAP) (9) (Table 1). After they were challenged with S. aureus, 72% (24 of 33) of RAP- 
vaccinated mice remained free of disease compared with 30% (3 of 10) of control mice immunized with 
complete Freund's adjuvant (CFA) and none of the untreated controls. This difference was statistically 
significant (Fisher's exact probability test: RAP versus untreated, P < 0.0001; RAP versus CFA, 
P = 0.0031) (11). In addition, among mice that developed lesions, the mean lesion size (12) for RAP- 
vaccinated mice (90 mm 2 ) was 50% smaller than in CFA control mice (177 mm 2 ) and 76% smaller than 
in untreated controls (370 mm 2 ). Animals that died had extensive lesions that spread to over one-quarter 
of their body. Only 3% (1 of 33) of RAP-vaccinated animals died as a result of challenge, whereas 22% 
(5 of 22) of control animals died. 



Table 1. Vaccination or suppression of S. aureus SD infections (10, 16). 





No. of mice 


No 


lesions 




Lesions 


Death 


Treatment group 


















n 


(%) 


" Mean size (mm ) 


n 


(%) 




Vaccination with RAP as an antigen 








RAP 


24 


17 


(71) 


6 


96 


1 


(4) 


RAP* 


9 


7 


(78) 


2 


84 


0 


(0) 


CFA 


10 


3 


(30) 


5 


177 


2 


(20) 


Untreated 


12 


0 


(0) 


9 


370 


3 


(25) 




RIP suppression 


of 8.5 x 


10 7 SD 








SD+RIP 


4 


3 


(75) 


1 


33 


0 


(0) 


SD+saline 


4 


1 


(25) 


3 


39 


0 


(0) 




RIP suppression 


of 1.4 x 


70* SD 








SD+RIP 


8 


4 


(50) 


4 


45 


0 


(0) 


SD+saline 


6 


0 


(0) 


6 


100 


0 


(0) 




RIP and Pep suppression of I 


.4 x 10 9 SD 








SD+RIP 


10 


3 


(30) 


3 


39 


4 


(40) 


SD+saline 


10 


2 


(20) 


6 


160 


2 


(20) 
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SD+Pep 
SD+DMSO 



10 
9 



9 
2 



(90) 
(20) 



1 
4 



56 
128 



0 (0) 
3 (22) 



To determine whether antibodies to RAP were generated, sera from vaccinated and control animals were 
analyzed by immunoblotting and binding activity to wild-type S. aureus postexponential supernatants 
that contained RAP (13, 14) (Fig. 2A). Animals vaccinated with RAP developed antibodies to a 38-kD 
protein and could also bind to purified RAP. 
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Fig. 2. Immunoblotting of sera of vaccinated and control animals. Postexponential supernatant of wild- 
type S. aureus (lanes 1 and 2) or purified RAP (lane 3) was separated on 12% SDS-polyacrylamide gel 
and Western blotted, and membranes were incubated in the presence of preimmune (lane la) or 
postimmune (lane lb) serum collected from a control CFA-injected animal (diluted 1:20). Lane 
2, preimmune (lane 2a, diluted 1 :20) or postimmune (lane 2b, diluted 1:1000; lane 3, diluted 1 :20) 
serum. Approximate molecular size markers are indicated on the left. (B) Titer of RAP antibodies versus 
lesion size. The titer of RAP antibodies from vaccinated and control animals was determined by Western 
blotting against postexponential supernatants containing RAP. Lesion size of animals challenged with 
S. aureus was determined. The largest lesions were in animals that died of extensive cellulitis (about 
981 mm 2 ). [View Larger Versions of these Images (71 + 14K GIF file)] 



Most (33 of 34) vaccinated animals developed antibodies to RAP (titers ranged from 1:50 to 1:16,000) 
as a result of the injections; none of the control animals developed antibodies. However, some mice had 
preimmune antibodies to RAP (titers ranged from 1 :40 to 1 :2000), and they developed smaller lesions 
when challenged with S. aureus. The titer of antibodies to RAP (in 81 vaccinated or control animals) 
inversely correlated with lesion size (Fig. 2B). For the purposes of this calculation, animals that died (of 
extensive cellulitis) were assumed to have a lesion size of 981 mm 2 (11). 

A nonpathogenic S. aureus produces the peptide RIP, which inhibits rnaiii transcription (Fig. 3) and 
competes with RAP for activation of virulence (6). The high-performance liquid chromatography 
(HPLC)-purified RIP (6) was subjected to Edman degradation sequencing. The amino acid sequence 
was determined to be YSPXTNF (15). A synthetic peptide corresponding to YSPWTNF (Pep) was 
synthesized and tested for its ability to inhibit rnaiii in vitro. The synthetic peptide (Pep) inhibits 
induction of rnaiii comparably to RIP (Fig. 3). 
i — — r ~ — i 
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Fig. 3. Inhibition of RNAIII by native and synthetic RIP. Increasing amounts of RIP, which was purified 
on a C 18 column (6), or increasing amounts of synthetic peptide (Pep) were added to early exponential 

wild-type S. aureus and tested for the ability to inhibit rnaiii (6). Density of RNAIII is shown. 
[View Larger Version of this Image (21 K GIF file)] 



We tested purified (6) and synthetic RIP for the ability to suppress infection in the murine cutaneous 
S. aureus infection model (16). For these experiments, we prescreened mice to eliminate individuals 
with antibodies to RAP. A fixed amount of RIP (about 10 jig) attenuated infections caused by increasing 
inocula of the SD strain of S. aureus. Of the animals that were injected with 8.5 x 10 7 bacteria together 
with RIP, three of four developed no infection at all, compared with only one of four control animals 
that were injected with the bacteria and saline (Table 1). When we used an increased inoculum of 
bacteria (1 .4 x 10 8 cells per injection), four of eight animals were protected, and the remaining four 
developed a lesion that was 55% smaller than in control animals (Table 1). All the control animals 
(seven of seven) challenged with SD and saline developed a lesion. When more bacteria were used 
(1.4 x 10 9 ), the synthetic RIP (0.5 mg of Pep) protected animals--90% (9 of 10) of the animals showed 
no sign of disease (Table 1). These results suggest that the ratio between RIP and the bacteria is critical 
and helps determine the success of the host's immune response to eliminate the bacteria. 

Current bacterial vaccines target S. aureus or the exotoxins it produces (17, 18), but these approaches 
met with limited success. With an inexorable increase in antibiotic resistance among bacteria in general 
(19) and among staphylococci in particular (20), there is a need to develop innovative methods to control 
bacterial infections. Our approach is to interfere directly with bacterial virulence by interfering with the 
signal transduction that leads to production of toxins. By reducing the pathogenic potential of the 
bacteria, this approach would be synergistic with current antimicrobial therapies and natural host 
immune mechanisms. Because directed suppression of virulence would not kill the bacteria but rather 
would interfere with its pathogenicity, there likely would be a decrease in selective pressures for the 
emergence of resistant S. aureus strains. 

Some mice had antibodies to RAP in their preimmune sera. The natural development of antibodies to 
RAP in some mice may explain why they have a high degree of innate resistance to invasive 
staphylococcal infections and why animal models of S. aureus infection are difficult to establish in 
animal hosts (17), where animals remain refractory to infection containing millions of organisms. The 
role of antibodies to RAP in host protection remains an important question. 

Animals vaccinated with RAP that was purified from a S. aureus agr-null strain (7) had the same degree 
of protection as animals vaccinated with RAP that was purified from a wild-type strain. This rules out 
contribution of products from other genes known to regulate RNAIII, such as the octapeptide encoded 
by agrD (21). 

Regulatory mechanisms involving autoinducers have been described for other bacterial systems (22), 
including competence and sporulation in Bacillus subtilis and in Streptococcus pneumoniae (21), 
conjugation in Enterococcus faecal is (24), and elastase production in Pseudomonas aeruginosa (25). 

u — „ „ rt „ « f 
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Furthermore, compounds have been identified that inhibit phosphorylation of the bacterial two- 
component signal transduction system in P. aeruginosa (26). Targeting the autoinducers of virulence or 
the signal transduction they activate therefore may be useful in preventing pathogenesis of other bacteria 
known to be regulated by global regulons. 
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